Abstract
Introduction

33
The combustion of biomass for heat and power generation is rising continuously because of limited 34 availability of fossil fuels and evidence of global warming caused by CO2 emissions from fossil fuel 35 combustion [1] . In the UK, 29% of the current 25 GWe coal-fired generating capacity will be lost after Mtpa of biomass ash, compared to 780 Mtpa of coal ash, may be generated worldwide. Therefore, it 41 is clear that biomass ash management is an escalating issue. In accordance with the waste hierarchy, The aim of this work was comprehensive characterization, including bulk and trace element 50 composition, mineralogical and microstructural investigation and water-leaching of bottom and APC 51 residues from combustion of three types of waste biomass: (i) poultry litter, (ii) meat and bone meal 52 and (iii) straw, in UK biomass power plants. In a context of potential utilization of these residues for 53 soil nutrition, the emphasis was on determining the speciation, and solubility of nutrients and 54 pollutants. This knowledge is essential for development of appropriate, environmentally friendly and 55 economically rational biomass ash management. ash can be considered as part of group 6 (MB), whereas meat and bone meal falls into group 4 (AB), 69 and straw into group 2 (HAB); further information for these ashes studied in the present work was not 70 collected by Vassilev. 71 Also, according to Vassilev et al. [6] , the ash yield after combustion of organic matter at 550-800°C for 72 86 varieties of biomass ranges from 0.1-46% (average -6.8%). The ash yield from biomass, which is 73 lower than that from coal, follows the sequence: animal > aquatic > contaminated > herbaceous and 74 agricultural > wood and woody. Biomass fuels are commonly contaminated with soil and other 75 materials, which have become mixed with the fuel during collection, harvesting, handling, storage and 76 processing of the fuel [11] , and may affect the ash content. In any case, ash yield at an industrial power 77 plant highly depends on the combustion conditions, including the temperature, which varies between 78 800 and 1600°C. There are three types of biomass ashes: 1) bottom ash, which mainly contains bigger 79 particles that fall through the grate during combustion; 2) fly ash, which contains fine particles that are 80 carried over by the combustion gases and fall out in various parts of the boiler and the flue gas cleaning 81 system; 3) air pollution control residue (APCr), which is the mixture of fly ash and reagents (e.g., lime 82 and active carbon) injected to remove pollutants in flue gas cleaning system. Classification of biomass 83 ashes according to the European Waste Catalogue [12] is required before making a decision for further 84 application of that waste. The following waste codes may be considered for biomass ash classification: 
Elemental composition
93
The elemental composition of biomass ashes depends on the biomass resource ( 
Methods
164
The moisture content of each biomass ash sample was determined using standard method BS EN The biomass ash moisture contents varied from 0.2 to 4.2% wet mass ( Table 2 ). The moisture 206 contents of the bottom ashes were usually higher than the moisture contents of the APC residues. The 207 biomass ash organic matter content varied from 0.04 to 5.4% (Table 2) . 208 The total concentrations of the 24 elements measured in the biomass ashes by XRF are presented 209 in Table 2 . All biomass ashes contained high concentrations of Ca (3.4-37%), P (2.2-9.0%) and K (0.93-210 14%). Also, the Mg concentrations were considerable in two bottom ashes (3.7% in PL2-BA and 4.9% 211 in PL3-BA). The Ca and P, and other lithophile element (Al, Si, Ti, Ba) concentrations were higher in the 212 bottom ashes than in the APC residues, whereas K and other more volatile elements (Cl, S, Zn) were 213 found to be significantly enriched in the APC residues compared to the bottom ashes. The high Ca and 214 P content is characteristic of animal biomass residues, particularly poultry litter, and meat and bone to other animal biomass ashes (Figure 1 ). All APC residues from the HAB and MB groups are type K with low acid tendency (K-LA sub-type). Moreover, there is an obvious difference between biomass bottom 244 ashes and APC residues where-by the latter drift to the right corner compared with the former. 
X-ray diffraction
246
The results from XRD to identify the crystalline phases in the biomass ashes are summarised in 247   Table 3 . The bulk crystalline phases in the bottom ashes included apatite, portlandite, and quartz. Lime PL2-APCr was full of spherical particles (50-250 μm), unshaped and slaggy phases (50-400 μm).
296
Smooth spherical particles mainly contained K, Ca, Mg, P, Si, and O ( Figure 10 , point and spectrum 1).
297
Another spherical particle seemed to be an empty aggregate, with a "puzzle" surface structure. Pieces For instance, 2-5 μm fine-grained phases consisted mainly of K, Na, Cl, S, P, and O ( Figure 11, point 1) . 308 1 μm rounded plate-like fine particles form a foam structure and were consisted mainly of K, Na, Cl, 309 and P (Figure 11, point 2) . Prismatic crystals consisted of Na, Cl, and P were found throughout the fine 310 material (Figure 11, point 3) .
Leachability of biomass ashes in water 312
The pH of the water-based leachates according to BS EN 12457-2:2002 was high due to the CaO 313 or Ca(OH)2 in these samples (identified by XRD, Table 3 ) and varied from 11.32 to 12.78 (Table 4) . It 314 should be noted that a saturated solution of Ca(OH)2 has a pH of about 12.4. The low pH value was 315 associated with sample PL3-APCr, which showed neither Ca(OH)2 and CaO by XRD and had the lowest 316 Ca value of all the samples (Table 2 ). The presence of alkali oxides/hydroxides may increase the pH, 317 but XRD showed the alkalis to be speciated predominantly as neutral salts. Table 4 ).
326
The water-soluble fractions from the biomass bottom ashes varied from 1.0 to 8.4%. However, 327 the water-soluble fractions from the biomass APC residues were quite high and ranged from 33.8 to 328 36.7%. It can be seen that a higher proportion of Cl could be leached by water at L/S=10 from the APC 329 residues (up to 74%) than from the bottom ashes (up to 51%). Cl solubility in water may be limited by 330 its uptake in some phases, such as apatite, which was shown as to be a dominant phase in the bottom 331 ashes. S is leached relatively easily from biomass ashes (38-55%), which is consistent with identification 332 of soluble arcanite as a dominant phase by XRD in most biomass ashes. In contrast to the biomass 333 bottom ashes, almost all Na (up to 96%) and high proportions of K (up to 84%) could be leached from 334 the biomass APC residues by water. A lower proportion of K than Na leached suggests that K is 335 substituted in mineral phases with lower solubility (probably phosphate phases and aluminosilicates).
336
The water-soluble fractions of P, Ca, and Mg are very low and range from 0.004 to 1.4% for P, from 337 0.01 to 2.7% for Ca, and from 0.01 to 3.7% for Mg. However, the higher concentration of P was leached 338 from APC residues from poultry litter incineration due to presence of mineral phases with higher 339 solubility (probably potassium sodium calcium phosphate and potassium hydrogen phosphate). Table 5 presents the calculated distributions of selected aqueous element species (%), and Table   342 6 the saturation indices (SI) for hydroxyapatite and Pb(OH)2, for the water leachates from the biomass 343 ashes.
344 Table 5 shows that sodium and potassium are mainly present as free ions (Na + , K + ), and less than The saturation indices in Table 6 suggest that hydroxyapatite may control solubility of P, and lead 358 hydroxide may control leachate concentrations of Pb, for most of the biomass ashes. Brucite (Mg(OH)2) 359 altered from periclase identified in the ashes by XRD can be considered as the potential solubility 360 controlling mineral for Mg. Copper and zinc were undersaturated with respect to their 361 oxides/hydroxides, and substitution of elements into the bulk mineral phases may control the leachate 362 concentrations of these and other elements, but it is difficult to take this into account in the modelling. Almost all Na and high proportions of K, Cl, and S were easily leached by water from the biomass 386 APC residues, which had high water-soluble fractions compared to the biomass bottom ashes. 387 However, water leaching of P, Ca, and Mg was very low, with leaching of P possibly controlled by 
